Abstract-This work presents a system for the in-line waferlevel characterisation of electrochemical sensors. Typically, such sensors are first diced and packaged before being electrochemically tested. By integrating their characterisation into the manufacturing process, the production of electrochemical sensors becomes more efficient and less expensive as they can be parametrically tested midway through the fabrication process, without the need to package them. This enables malfunctioning or failed devices to be identified before dicing and reduces costs as only functional devices are packaged (in many cases this can be more expensive than the sensor fabrication). This study describes wafer-level characterisation of a simple electrochemical sensor design using a photoresist hydrophobic corralling film for the electrolyte and a probe station for contacting to individual dies.
I. INTRODUCTION
Electrochemical sensors are a popular tool in a wide variety of applications, ranging from industrial monitoring to fundamental science [1] - [4] . One of the most common methods of manufacturing electrochemical sensors is using microfabrication, which allows for controlled and reproducible production of nominally identical sensors. Such sensors are also easily miniaturised to the micron scale and are compatible with CMOS processes [5] - [7] . This presents the opportunity to adapt metrology techniques typically used in semiconductor manufacturing, specifically wafer-level measurements of devices, for characterising electrochemical systems before packaging [8] . Typically, electrodes are characterised after dicing and packaging, which is an expensive and time-consuming element of sensor production. This work demonstrates a system for characterising electrochemical sensors at wafer level. The benefits of this include the ability to rapidly characterise many different electrode designs without the need to package devices. This will help expedite the development of electrode technologies through systematic assessment of adjustments to the electrode design, by monitoring electrochemical test structures. Additionally, this approach enables the identification of malfunctioning devices, as well as the verification and process control of microfabrication steps.
To demonstrate the validity of the proposed system, quantifiable electrochemical measurements are performed in a manual probe station using electrochemical test structures. These are compared with measurements made in a traditional electrochemical measurement setup. Following this, the capability of the probe station setup to spatially map electrochemical responses across the wafer is demonstrated. The requirements for a completely automatic system are also discussed.
II. TEST STRUCTURE DESIGN AND FABRICATION

A. Test Structure Design
The test structures consist of a three-electrode cell on a 3 mm square die, pictured in Fig. 1 . The central working electrode (WE) is where the potential and current of interest are applied and measured. The inner ring electrode around the WE is a pseudo-reference electrode (RE), which provides a reference potential against which potentials at the WE are applied and measured. The outer ring electrode forms the counter electrode (CE), which supplies the current required for the chemical reactions taking place at the WE. The WE designs in this work are single square and disc microelectrodes with a range of edge lengths/diameters (20, 50, and 100 µm), along with Cartesian arrays of discs of various sizes and spacings (20 and 50 µm diameter with pitches of 100 and 150 µm). A layer of patterned positive photoresist was used as a corral to help contain the liquid over the electrodes, and this is visible as a square pattern around the electrodes in Fig. 1 .
B. Test Structure Fabrication
The test structure design consisted of a metal layer sandwiched between two insulation layers. Firstly, a 500 nm thick thermal silicon dioxide (SiO 2 ) insulator was grown on a 100 mm silicon (Si) substrate. 50 nm of platinum (Pt) with a 10 nm titanium (Ti) adhesion layer was then deposited and patterned to create electrodes, contact pads, and interconnects. 500 nm of silicon nitride (SiN) was then deposited using plasma enhanced chemical vapour deposition to insulate the metal from the solution. Windows were then etched into this insulation to provide access to the contact pads and electrodes. A cross section (left to right in Fig. 1 ) of the die through the WE is presented in Fig. 2 .
C. Hydrophobic Liquid Corral
To help corral the liquid electrolyte over the electrodes, a layer of SPR 350-1.2 (Rohm and Haas) photoresist was spin coated onto the wafer and patterned to expose the contact pads (for electrical connections) and a 900 µm edge length square area over the electrodes. As the photoresist is less hydrophilic than the SiN insulator, it helped prevent liquid wicking up the to the contact pads. To demonstrate this, Table I presents contact angle measurements of the photoresist   TABLE I  THE AVERAGE MEASURED CONTACT ANGLES OF THE SIN, PT, AND PHOTORESIST SURFACES, N = 6 (±3σ)
Material Contact Angle
Silicon Nitride 36°± 7°S PR350-3 70°± 8°a
nd SiN made using de-ionised (DI) water. The difference in mean contact angle of 34
• is sufficient to help confine the liquid to the electrode area. Fig. 3 (a) and (b) show a photograph of the liquid electrolyte contained within the more hydrophilic pattern in the photoresist. If a larger difference in hydrophobicity is desired, more hydrophobic materials such as polytetrafluoroethylene (PTFE) or Parylene-C TM could be employed [9] , [10] . However, this requires considerably more processing, which is not desirable in the middle of a preexisting process. Although photoresist is not hydrophobic, its benefit lies in its simplicity to apply and then remove once testing is finished.
III. EXPERIMENTAL METHODS
A. Experimental Setup
The electrochemical measurements were made using an Everbeing EB8 manual probe station inside a shielded dark box. The probe needles were placed on the die contact pads and connected to an Autolab Micro III potentiostat (Metrohm). The solution was dispensed through a micro-pipette tip which was attached to another micromanipulator arm and placed over the electrode area. Silicone tubing connected the pipette tip to a syringe, enabling control over the flow of liquid. The full experimental set up on the manual probe station is presented in Fig.4 .
Results from this setup were compared against benchmark measurements made in a traditional electrochemical setup. This consisted of a glass beaker in a Faraday cage, with separate Pt CE and pseudo RE. These electrodes were shards of Si, coated in 500 nm SiN and then 50 nm of Pt on a 10 nm Ti adhesion layer. The WE was a 20 µm diameter Pt disc.
B. Measurements
A standard electrochemical measurement technique called cyclic voltammetry was used to characterise the electrodes in the probe station setup. This involves sweeping the potential at the WE (vs. the RE) between two defined values and back while monitoring the current. This measurement is typically performed in an electrolyte containing a substance which undergoes electrochemical reduction and oxidation in the chosen potential range, a redox couple. Ferri/ferrocyanide
) is a commonly used and wellunderstood redox couple [11] , [12] , and was hence used for the experiments in this paper. The solution used throughout this work was 1 mM of both potassium ferricyanide and potassium ferrocyanide in a background electrolyte of 100 mM potassium chloride. Despite the shielding of the probe station, it was observed that the measurements recorded on the probe station setup suffered from electrical noise superimposed on the electrochemical response. Therefore, a Fast Fourier Transform smoothing filter over an 8 point window was used to filter the data using Origin 2016 graphing and analysis software (Originlab).
IV. MEASUREMENT RESULTS
A. Comparison of On-Wafer and In-Beaker Results
Firstly, the capability of making electrochemical measurements at wafer level was assessed by comparing those made using in the probe station set up, with those made in a traditional electrochemical system. A cyclic voltammogram (CV) of the redox reaction of ferri/ferrocyanide recorded in (a) a beaker and (b) the probe station setup is presented in Fig. 5 . The shape of the CV is the expected wave in both set ups, characteristic of the electrochemical response of a microelectrode. As the potential is swept positive, ferrocyanide is oxidised to ferricyanide generating a positive current, while during the negative potential sweep, a negative current is generated by the reduction of ferricyanide to ferrocyanide. Under the presented conditions, the current is mass transport controlled by the diffusion of analyte to the electrode and reaches a steady state current (i L ). This current can be quantified using [13] , [14] ,
where n is the number of electrons transferred in the reaction, F is the Faraday constant, D and c are the diffusion coefficient and concentration of the reactant respectively, and r is the radius of a disc electrode (or l, the edge length for a square). The B term is a dimensionless coefficient dependant on the geometry of the electrode, and is equal to 4 for an inlaid disc and 2.3 for an inlaid square. This enabled the comparison of predicted and measured currents. Using a literature value for D of 6.67 × 10 −10 m 2 s −1 [15] , the predicted limiting current for the reduction reaction was calculated and is presented in Table II alongside the measured currents from both systems.
The three values match each other within error, lending further confidence that the probe station set up can be used to record quantifiable electrochemistry. Furthermore, the wave shape of the CVs are typical of an electrochemical reaction happening at a micro-scale electrode (where diffusion is the rate limiting step).
It is noteworthy that the variation in the wafer-level value is higher than the beaker. This could be due to the noisier measurements from the probe station, potentially arising from the leads to the potentiostat, which was not in the shielded box around the probe station. Another source of variation is the difference in ambient temperature between the two setups or, more likely, changes in concentration of the redox couple over time. This was seemingly caused by evaporation of water from the droplet, resulting in the relative concentration of redox couple increasing. This effect can be seen in the CVs presented in Fig. 6 , where the currents associated with the reduction and oxidation reactions increase over time. Eventually the current suddenly decreases to near zero indicating complete evaporation of the liquid and thus loss of electrical contact between the electrodes. Another difference between the two setups is the difficulty in electrochemically cleaning electrodes on the wafer, arising from the requirement of changing be- tween a cleaning solution and one containing the analyte for measuring. As a consequence, this likely contributed to the slight differences in shape between the CVs as well as the increased error for the probe station measurement.
B. Spatial Electrode Measurements
Wafer-level mapping of devices can be a powerful tool for understanding fabrication processes, as well as quantifying parameters such as yield and uniformity [16] . To demonstrate that capability can be expanded to electrochemical sensors, the same cyclic voltammetry measurements were performed across nine neighbouring electrodes shown in Fig. 7(a) . The recorded CVs are shown in Fig. 7(b) , and Table III lists the details of the designs of the electrodes. All the electrodes gave the expected electrochemical response, with the larger 100 µm electrodes shown in Fig. 7(b) (vi) and (ix) showing peaks characteristic of electrochemical reactions occurring at the surface of larger, macro-scale electrodes. This transition between macro-and microelectrode behaviour typically occurs between sizes of 20 50 µm and can be observed in Fig. 7(b) (v) and (vi). The arrays (Fig. 7(b) (i) , (ii) and (iii)) show larger currents, proportional to the number of electrodes, while retaining the wave-like CV response. 
V. DISCUSSION
The results in Table II and Fig. 5 confirm that quantifiable electrochemical measurements can be made at wafer level using a standard probe station setup. However, the evaporation of the droplet presents a complication, as it both imposes a maximum measurement time and a change in analyte concentration over time. This makes quantification of the current, which typically requires a known concentration, beyond 30 to 60 seconds challenging. This also limited the time of the experiment as the droplets, which were typically around 1 mm across, evaporated completely in under 5 minutes in ambient conditions. While this presents a challenge for some measurements, it enables others, such as electrochemical monitoring of droplet evaporation. There are also methods of removing the evaporation factor. For example, a solution could be to employ a seal such as that used by [17] . which would prevent the liquid evaporating or to have a constant new supply of solution to compensate. Although salt residue is left on the surface of the wafer once the droplet is dried, this is easily washed off with DI water. Electrochemical cleaning also presents a difficulty as changing between cleaning and measurement solutions would expose the electrode air, allowing reformation of surface oxides. This could be resolved by combining the redox and cleaning solution, although this is not possible in all cases.
Even with evaporation, the set up can be used to confirm operation of electrochemical sensors and identify faulty devices, as the value of limiting current is dependent on radius (or edge length of a square) through equation 1. Should the current deviate from the predicted value, then this could be indicative of pinholes or other defects in the top insulator. This process is much faster than making measurements in a beaker setup, especially in the case miniaturised sensors like those presented in this paper, which typically require packaging to insulate nearby wire bonds and contact pads. Being able to perform wafer-level electrochemical testing enables the fast collection of a large number of measurements. For example, setting up and then recording 10 CVs at each of the nine different electrodes presented in Fig. 7 (b) took around 10 minutes. This process could be further expedited with the incorporation of both automatic liquid dispenser and wafer stage, enabling a fully automatic electrochemical measurement setup.
Future work is to develop the set up along the lines described above. An example of this is the bespoke microfluidic system, under development to replace the pipette tip shown in Fig. 8 . The component is made from PDMS and was manufactured using a 3D printed scaffold made of Acrylonitrile Butadiene Styrene. PDMS was then cast around this and the scaffold dissolved in acetone [18] . It consists of two inlets at the top, one for solution and one for a non-pseudo reference electrode which will expand the range of possible electrochemical measurements. The outlet at the bottom is designed to seal around the electrode area, mitigating evaporation of the solution.
VI. CONCLUSION
A method of making electrochemical measurements at wafer-level has been demonstrated. This consists of a fluidic system for dispensing droplets in a standard probe station and was validated with wafer-level electrochemical test structures. Electrochemical measurements were performed on a wafer and, when quantified, matched the performance of those made in a conventional electrochemical cell. Electrodes of different designs were then measured and gave the expected response, demonstrating the rapid and simple characterisation of multiple electrode designs across a wafer.
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